Natural killer (NK) cells with adaptive immunological properties expand and persist in response to human cytomegalovirus. Here, we explored the metabolic processes unique to these cells. Adaptive CD3 − CD56 dim CD57 + NKG2C + NK cells exhibited metabolic hallmarks of lymphocyte memory, including increased oxidative mitochondrial respiration, mitochondrial membrane potential, and spare respiratory capacity. Mechanistically, we found that a short isoform of the chromatinmodifying transcriptional regulator, AT-rich interaction domain 5B (ARID5B), was selectively induced through DNA hypomethylation in adaptive NK cells. Knockdown and overexpression studies demonstrated that ARID5B played a direct role in promoting mitochondrial membrane potential, expression of genes encoding electron transport chain components, oxidative metabolism, survival, and IFN-γ production. Collectively, our data demonstrate that ARID5B is a key regulator of metabolism in human adaptive NK cells, which, if targeted, may be of therapeutic value.
Introduction
Natural killer (NK) cells comprise a lineage of lymphocytes that function at the interface between innate and adaptive immunity (Vivier et al., 2011) . They are important mediators of immunosurveillance and can eradicate susceptible infected and neoplastic cells through the targeted release of cytotoxic granules (Kägi et al., 1994) . Recent studies of murine CMV infection have demonstrated that distinct subsets of NK cells can expand and persist long-term. These NK cells display hallmark features of adaptive T and B cells, including heightened effector functions and robust recall responses relative to nonadaptive subsets (Sun et al., 2009) . In both mice and humans, "adaptive" NK cell expansion is associated with improved antiviral and antitumor activity (Cichocki et al., 2016; Nabekura and Lanier, 2016; Redondo-Pachón et al., 2017) .
In humans, we and others have reported on unique subsets of human CMV (HCMV)-associated NK cells with a genome-wide DNA methylation profile similar to that of effector CD8 + T cells. These adaptive NK cells display DNA methylation-dependent silencing of the transcription factor promyelocytic leukemia zinc finger and stochastic silencing of genes encoding the membrane proximal signaling molecules FcεRγ, SYK, and/or EAT-2 (Lee et al., 2015; Schlums et al., 2015) . Adaptive NK cell populations ex-pressing the activating receptor NKG2C expand and persist in response to HCMV infection in healthy donors (Gumá et al., 2004) and HCMV reactivation in hematopoietic cell transplant (HCT) recipients (Foley et al., 2012) . The majority of NKG2C + NK cells in the peripheral blood of HCMV-seropositive individuals coexpress the maturation marker CD57 (Lopez-Vergès et al., 2011) . Thus, HCMV infection drives a remarkable degree of heterogeneity within the NK cell population. Whether adaptive NK cells can be considered true "memory" lymphocytes in the same regard as T and B cells, or whether they represent a type of "trained innate" immunity described for monocyte-to-macrophage differentiation (Saeed et al., 2014) , is still a matter of debate.
Mounting evidence suggests that adaptive NK cell subsets have a survival and/or self-renewal advantage over canonical NK cells. Adaptive NK cells that expand in response to HCMV reactivation in HCT recipients are stable at high frequencies out to at least 2 yr after transplant (Foley et al., 2012; Cichocki et al., 2016) , and epigenetically unique populations of adaptive NK cells in healthy HCMV-seropositive donors appear to persist at stable frequencies for at least 35 mo (Lee et al., 2015; Schlums et al., 2015) . Further evidence for enhanced persistence/survival of adaptive NK cells comes from analysis of patients with par-oxysmal nocturnal hemoglobinuria, in which adaptive NK cells typically represent a lineage that predates the acquired hematopoietic stem cell PIGA mutations that progressively dominate hematopoiesis and production of canonical NK cells (Corat et al., 2017) . Moreover, adaptive NK cells persist in the peripheral blood of patients with heterozygous GATA2 mutations, where constitutive differentiation of progenitor and canonical NK cells is lost .
The mechanistic basis for enhanced adaptive NK cell persistence is unclear. In particular, little is known regarding the metabolic attributes associated with adaptive NK cells that arise in response to HCMV infection. Bioenergetic profiling of T cells has revealed that memory CD8 + T cell metabolism is characterized by increased utilization of oxidative phosphorylation (OXP HOS), an oxygen-dependent process that maximizes the amount of ATP that can be derived from substrates. Memory T cells also exhibit a characteristic increase in mitochondrial mass, which is associated with higher spare respiratory capacity (SRC) relative to naive or effector T cell populations (van der Windt et al., 2012 (van der Windt et al., , 2013 .
Here, we show that adaptive NK cells from HCMV-seropositive individuals exhibit enhanced oxidative and glycolytic metabolic profiles relative to canonical NK cells. Adaptive NK cells also had increased mitochondrial membrane potential and higher expression of multiple genes encoding components of the mitochondrial ATP synthase complex and electron transport chain (ETC) relative to canonical NK cells. Mechanistically, we show that adaptive NK cells express elevated levels of the chromatin-modifying protein AT-rich interaction domain 5B (ARID5B). Knockdown of ARID5B in an NK cell line (NK-92) led to decreases in mitochondrial oxidative metabolism, expression of ETC genes, survival, and IFN-γ production. Conversely, overexpression of ARID5B in NK-92 cells led to increases in oxidative metabolism and IFN-γ production. Furthermore, we found that ARID5B directly regulates expression of the ETC component ubiquinone-cytochrome c reductase-binding protein (UQC RB), and UQC RB knockdown phenocopied the metabolic and functional effects observed for ARID5B knockdown. Thus, we demonstrate an important role for ARID5B in regulating NK cell metabolism.
Results

Adaptive NK cells from HCMV-seropositive donors exhibit elevated glycolytic and oxidative metabolism
To study how metabolism is regulated in NK cells that arise and persist in response to HCMV infection, we isolated NK cells from HCMV-seropositive and -seronegative donors and measured O 2 consumption rates (OCR) at the basal state, after the addition of oligomycin (an inhibitor of ATP synthesis), carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP; uncouples ATP synthesis from the ETC), and rotenone and antimycin A, which interfere with complex I and complex III of the ETC, respectively (Gerencser et al., 2009) . We found that maximal respiration levels, ATP-linked respiration, and SRC were significantly elevated in NK cells from HCMV-seropositive donors (Fig. 1 a) . To determine whether observed increases in measures of OXP HOS were associated with the frequency of adaptive CD3 − CD56 dim C-D57 + NKG2C + NK cells, we phenotyped NK cells from all HC-MV-seropositive and -seronegative donors tested. As expected, adaptive NK cells were present in HCMV-seropositive donors at higher frequencies (7.5-32.1%) relative to seronegative donors (1.32-4.33%; P = 0.034). Strong correlations were observed between the magnitude of maximal respiration, ATP-linked respiration, and SRC and the frequencies of adaptive NK cells ( Fig. 1 e) .
A previously published, modified version of the Seahorse technology where glucose and pyruvate are added along with OXP HOS reagents in the same assay to maximize metabolic readouts from limited numbers of primary NK cells (Marçais et al., 2014) was used to measure the extracellular acidification rate (ECAR), which is an indication of glycolysis. No statistically significant differences were observed between NK cells from HCMV-seropositive and -seronegative donors with respect to maximal glycolysis and glycolytic reserve ( Fig. 1 c) . Weaker correlations were evident between the magnitude of maximal glycolysis and glycolytic reserve and the frequencies of adaptive NK cells ( Fig. 1 e) . We also observed higher ATP levels in NK cells from HCMV-seropositive donors with adaptive NK cell expansions relative to NK cells from HCMV-seronegative donors in direct ATP quantification assays ( Fig. 1 b) .
To investigate which nutrient source supports the increase in ATP levels observed in NK cells from HCMV-seropositive donors, we pretreated NK cells from HCMV-seronegative and -seropositive donors with etomoxir (to block fatty acid transport into the mitochondria), 2DG (to block glycolysis), and UK5099 (to block pyruvate transport into the mitochondria) before ATP quantification. As expected, both etomoxir and 2DG decreased ATP levels in NK cells relative to vehicle controls. However, no differences between HCMV-seronegative and -seropositive donors were observed. Interestingly, UK5099 pretreatment induced more substantial decreases in ATP production in NK cells from HCMV-seropositive donors compared with seronegative donors, suggesting that mitochondrial utilization of glucose plays a role in supporting the enhanced metabolism of adaptive NK cells ( Fig. 1 d) .
To directly analyze metabolic responses in distinct NK cell subsets, we sorted canonical NK cells and adaptive NK cells from HCMV-seropositive donors and performed Seahorse assays. In these experiments, we observed markedly enhanced OCR profiles for adaptive NK cells with significant elevations in maximal respiration, ATP-linked respiration, and SRC relative to canonical NK cells ( Fig. 1 f) . Similarly, adaptive NK cells showed higher ECAR profiles with elevated maximal glycolysis and glycolytic reserve relative to canonical NK cells ( Fig. 1 g) . Higher ATP levels were also observed in sorted adaptive NK cells relative to canonical NK cells ( Fig. 1 h) . To confirm the differences between isolated canonical and adaptive NK cells with respect to glycolytic metabolism, we performed glucose uptake assays using the fluorescent glucose analogue 2-NBDG. We observed significantly more glucose uptake in adaptive NK cells in response to triggering through CD16 as well as activation using PMA: ionomycin ( Fig. 1 i) . Of note, Seahorse experiments were either performed with freshly isolated NK cells or NK cells from peripheral blood mononuclear cells (PBMCs) that had previously been frozen. In direct comparisons, though maximal respiration was lower in Figure 1 . Adaptive NK cells exhibit heightened glycolysis and mitochondrial oxidative metabolism. (a) Metabolic functions in freshly isolated NK cells from five HCMV-seropositive and five HCMV-seronegative donors were analyzed by Seahorse. Shown are OCR profiles for representative donors and averages for maximal respiration, ATP-linked respiration, and SRC. (b) Quantification of ATP in NK cells from four seronegative and four seropositive donors. (c) ECAR profiles for representative donors and averages for maximal glycolysis and glycolytic reserve. (d) NK cells were isolated from five seronegative and five seropositive donors and incubated with the indicated inhibitors for 10 min before lysis and ATP quantification. Shown are fold decreases in ATP for each inhibitor frozen cells, the overall OCR and ECAR profiles were similar ( Fig.  S1 ). Together, these data suggest that both mitochondrial oxidative metabolism and glycolysis are enhanced in adaptive NK cells from HCMV-seropositive donors.
Adaptive NK cells display increased mitochondrial membrane potential and expression of genes encoding components of the ETC One of the most striking findings from our metabolic analyses was the dramatic increase in SRC in adaptive NK cells from HC-MV-seropositive donors. SRC is a measure of how efficiently the ETC can shuttle protons from the mitochondrial matrix into the intermembrane space in response to the ATP synthesis uncoupling agent FCCP relative to the basal state (Mookerjee et al., 2010) and is considered to be a reflection of the ability of cells to produce energy in response to increased work or stress (Nicholls, 2009) . Elevated SRC is associated with increased mitochondrial mass and a memory phenotype in CD8 + T cells (van der Windt et al., 2012 (van der Windt et al., , 2013 . To determine whether differences in mitochondrial membrane potential were evident between subsets of canonical and adaptive NK cells, we isolated NK cells from HCMV-seropositive and -seronegative donors and stained with fluorescently conjugated antibodies against CD57 and NKG2C for FACS analysis (Fig. 2 a) along with MitoTracker Deep Red, a fluorescent cell-permeable dye that relies on mitochondrial membrane potential (Δψm; Perry et al., 2011) . We observed similar staining intensity in canonical NK cell subsets from HCMV-seronegative and -seropositive donors. In contrast, adaptive NK cell subsets exhibited increased mitochondrial membrane potential ( Fig. 2 b) . This increase was also evident when we sorted canonical and adaptive NK cells and analyzed mitochondria by confocal microscopy (Fig. 2 c) . We confirmed increased mitochondrial levels in adaptive NK cells by quantification of the ratio of mitochondrial DNA to nuclear DNA by quantitative RT-PCR (qRT-PCR). We observed an 81% increase in the mitochondrial DNA ratio in adaptive NK cells ( Fig. 2 d) . Of note, no relative increase in the levels of ROS, as determined by CellRox staining, was observed in adaptive NK cells ( Fig. 2 e ).
To gain a deeper understanding with respect to the observed increases in OXP HOS and mitochondrial membrane potential in adaptive NK cells, we sorted canonical and adaptive NK cell subsets from the peripheral blood of five HCMV-seropositive donors and performed RNA-sequence (RNA-seq) analyses. Intriguingly, we observed a consistent pattern of increased expression of genes encoding components of the mitochondrial ATP synthase complex and ETC complexes I, III, and IV in adaptive NK cell subsets ( Fig. 2 f) . Among the most differentially expressed genes in this subset were NDU FS4, NDU FS5, and NDU FB5 (encoding components of ETC complex I) and UQC RH and UQC RB (encoding components of ETC complex III). We validated the differential expression of these genes by sorting peripheral blood canonical and adaptive NK cells from HCMV-seropositive donors and performing qRT-PCR. We observed a statistically significant increase in the expression of each of these genes in adaptive NK cells relative to canonical NK cells (Fig. 2 g) . Gene set enrichment analysis (GSEA) of the RNA-seq data also showed a statistically significant enrichment of genes involved in lipid catabolism in adaptive NK cells, consistent with previous reports (Liu et al., 2017) , and a trend toward enrichment of genes involved in mitochondrial biogenesis and fatty acid metabolism (Table S1 ). Together, these data establish a unique metabolic profile characteristic of adaptive NK cells.
Expression of the chromatin-modifying protein ARID5B is induced in adaptive NK cells Several transcription factors and chromatin-modifying proteins have been implicated in mitochondrial biogenesis and cellular oxidative metabolism, including members of the nuclear receptor superfamily, the peroxisome proliferator-activated receptors (Puigserver et al., 1998) , and the estrogen-related receptors (Huss et al., 2004) . In our RNA-seq analysis of gene expression from freshly isolated NK cells, we observed similar expression levels of peroxisome proliferator-activated receptor and estrogen-related receptor family members when comparing canonical and adaptive NK cell subsets. We also observed similar expression levels of other genes encoding known transcriptional regulators of mitochondrial biogenesis and OXP HOS, including YY1, MYC, TFAM, TFB2M, and TFB1M (Larsson et al., 1998; Falkenberg et al., 2002; Li et al., 2005; Cunningham et al., 2007;  Fig. S2 ). However, our analysis revealed higher expression of ARID5B specifically in adaptive versus canonical NK cells (1.7-fold, adjusted P = 0.013; Fig. 3 a) . ARID5B belongs to a family of proteins that share a unique DNA-binding domain designated AT-rich interactive domain (ARID; Kortschak et al., 2000) . Knockout mice are viable at reduced frequencies, exhibit markedly stunted growth, and are abnormally lean (Lahoud et al., 2001; Whitson et al., 2003) . Although the immune system has not been studied in depth in these mice, abnormalities in B cell and T cell development, including significant decreases in bone marrow and thymic cellularities, have been reported (Falkenberg et al., 2002) . Because ARID5B has been implicated in the direct regulation of metabolism in hepatocytes (Baba et al., 2011) , direct regulation of inflammatory and lipid metabolism pathways in human CD14 + blood monocytes (Liu et al., 2017) , and indirectly in the regulation of adipose cell relative to vehicle controls. (a-d) Results are from two independent experiments. (e) Associations between Seahorse metabolic readouts and the percentages of adaptive NK cells. Unpaired Student's t tests were used to determine statistical significance. (f) Adaptive and canonical NK cells from three seropositive donors were sorted and analyzed by Seahorse. Shown is the OCR profile from a representative donor and averages for maximal respiration, ATP-linked respiration, and SRC. (g) Shown is the ECAR profile of canonical and adaptive NK cells from a representative donor, as well as the averages for maximal glycolysis and glycolytic reserve. All OCR and ECAR results are from two independent experiments. (h) Quantification of ATP in sorted canonical NK cells and adaptive NK cells from five seropositive donors. (i) Measurement of glucose uptake using 2-NBDG in isolated NK cells from six seropositive donors at rest, after stimulation with an anti-CD16 antibody and after stimulation with PMA: ionomycin. Shown are the 2-NBDG mean fluorescence intensity (MFI) averages in gated canonical and adaptive NK cells in each condition. Results are from two independent experiments. Paired Student's t tests were used to determine statistical significance. Error bars represent SEM. *P < 0.05, **P < 0.01. n.s., not significant. metabolism through control of the FTO locus (Claussnitzer et al., 2015) , we hypothesized that ARID5B also plays a role in regulating NK cell metabolism.
Increased expression of ARID5B in adaptive NK cells was confirmed by qRT-PCR using sorted subsets of canonical and adaptive NK cells from HCMV-seropositive donors ( Fig. 3 b) . Two ARID5B isoforms have previously been identified: transcript variant 1 consists of 10 exons spanning 149,402 bp on chromosome 10, and transcript variant 2 has a unique first exon located within intron 4 of transcript variant 1 and shares the final six exons. To quantitatively visualize splice junctions and the relative expression of each isoform in canonical and adaptive NK cells, we used the Mixture of Isoforms package within the Integrative Genomics Viewer software to create Sashimi plots of our RNAseq alignment data. We found that ARID5B transcript variant 2 was enriched in adaptive NK cells ( Fig. 3 c) . To confirm ARID5B variant expression at the protein level, we sorted canonical NK cells and adaptive NK cells from HCMV-seropositive donors and performed Western blots for ARID5B. Interestingly, ARID5B variant 2 was more abundant than variant 1 in both canonical and adaptive NK cells. The expression of both variants was higher in adaptive NK cells, with variant 2 being most abundant ( Fig. 3 d) .
To determine whether there was a unique epigenetic signature in adaptive NK cells associated with the pattern of ARID5B expression, we examined data from our genome-wide DNA methylation arrays previously performed with sorted subsets of canonical and adaptive NK cells (Schlums et al., 2015) . While the 5′ region and transcriptional start site (TSS) upstream of ARID5B transcript variant 1 were hypomethylated to a similar extent in canonical and adaptive NK cells, we observed selective hypomethylation of the 5′ region and TSS upstream of ARID5B transcript variant 2 in adaptive NK cells (P = 2.32 × 10 −12 ; Fig. 3 e) . Together, our data show a specific induction of ARID5B in adaptive NK cells with an enrichment of variant 2.
ARID5B modulation impacts mitochondrial membrane potential, mitochondrial oxidative metabolism, IFN-γ production, and survival in NK-92 cells To test the hypothesis that ARID5B promotes NK cell metabolism, we knocked down ARID5B expression in the NK-92 NK cell line via lentiviral transduction. By this method, we were able to achieve a 40% reduction in ARID5B expression ( Fig. 4 a) . Mitochondrial membrane potential, as quantified by MitoTracker, was reduced by 38% in ARID5B knockdown NK-92 cells ( Fig. 4 b) , and similar results were observed when cells were visualized by confocal microscopy (Fig. 4 c) . Decreased mitochondrial membrane potential was observed in NK-92 cells transduced with three different shRNAs targeting ARID5B (Fig. S3 ). To further confirm that ARID5B knockdown affected mitochondrial levels, we quantified the ratio of mitochondrial DNA to nuclear DNA by qRT-PCR and found that this ratio was reduced by 31% in ARID5B knockdown cells ( Fig. 4 d) .
Next, we sought to determine whether knockdown of ARID5B had an effect on metabolism. Significant reductions in maximal respiration, ATP-linked respiration, and SRC were observed for ARID5B knockdown cells (Fig. 4 e) . In contrast, no overall differences were seen in glycolysis as determined by the ECAR profile of ARID5B knockdown cells, and both maximal glycolysis and glycolytic reserve were similar between ARID5B knockdown cells and controls ( Fig. 4 f) . ATP levels were also similar between ARID5B knockdown cells and controls ( Fig. 4 g) . Elevated mitochondrial mass, OXP HOS, and SRC are associated with superior T cell effector function (van der Windt et al., 2012 (van der Windt et al., , 2013 Buck et al., 2016) . To determine whether ARID5B knockdown impacted NK cell function, we stimulated control and ARID5B knockdown NK-92 cells overnight with the inflammatory cytokines IL-12 and IL-18 to induce IFN-γ production. We observed a marked impairment of IFN-γ production by ARID5B knockdown NK-92 cells (Fig. 4 h) . Of note, no differences in degranulation or TNF production were observed between control and ARID5B knockdown cells in K562 stimulation assays (not shown).
A role for ARID5B in supporting survival of T-ALL cell lines has been recently reported (Leong et al., 2017) . We hypothesized that ARID5B may play a similar role in NK cells. To test this hypothesis, we performed cell cycle analyses using propidium iodide and found an accumulation of ARID5B knockdown cells in G1 relative to controls with a trend toward a decreased frequency of cells in G2 (Fig. 5 a) . Analysis of viable cell counts over 3 d in culture showed a significantly decreased growth rate for ARID5B knockdown cells ( Fig. 5 b) . To determine whether the impaired growth of ARID5B knockdown cells could be due to decreased survival, we analyzed active apoptosis using annexin V. We observed a higher frequency of ARID5B knockdown cells undergoing apoptosis (Fig. 5 c) . As the inner mitochondrial membrane protein BCL-2 plays a key role in blocking programmed cell death (Sentman et al., 1991) , and adaptive NK cells express elevated lev- (Zhang et al., 2013) , we analyzed BCL-2 expression in control and ARID5B knockdown cells by Western blot. Interestingly, we observed a 44% reduction in BCL-2 expression in ARID5B knockdown cells (Fig. 5 d) .
In addition to shRNA-mediated knockdown experiments, we also overexpressed ARID5B variant 2 in NK-92 cells via lentiviral transduction using the pCDH vector containing a GFP cassette and the open reading frame for ARID5B variant 2. We observed a 1.62-fold increase in ARID5B in cells transduced with the overexpression vector relative to the empty vector control (Fig. 6 a) . ARID5B overexpression in NK-92 cells resulted in a 1.31-fold increase in mitochondrial membrane potential (Fig. 6 b) . Additionally, we transduced primary NK cells with the control and ARID5B overexpression vectors. We observed a 1.57-fold increase in mitochondrial membrane potential in cells overexpressing ARID5B (Fig. 6 c) . NK-92 cells overexpressing ARID5B exhibited higher maximal respiration and SRC, as determined by Seahorse analysis (Fig. 6 d) , but no statistically significant differences in glycolytic metabolism (Fig. 6 e) or ATP levels ( Fig. 6 f) were observed. Functionally, ARID5B-overexpressing cells had higher frequencies of IFN-γ production in response to overnight IL-12 and IL-18 stimulation (Fig. 6 g) . Together, these data suggest that ARID5B influences mitochondrial membrane potential, oxidative mitochondrial metabolism, survival, and IFN-γ production.
ARID5B directly regulates expression of the ETC complex III component UQC RB, and UQC RB knockdown phenocopies the metabolic and functional effects of ARID5B knockdown Analysis of our RNA-seq data revealed a pattern of higher expression of several genes encoding components of the ETC in adaptive NK cell subsets (Fig. 2) . We hypothesized that ARID5B could be directly or indirectly involved in the regulation of ETC genes. To test this hypothesis, we chose to study UQC RB in greater detail, since it had the highest statistical significance for differential expression between canonical and adaptive NK cells among all ETC genes in our RNA-seq analysis (1.46-fold, adjusted P = 0.037). UQC RB is a nucleus-encoded component of complex III in the mitochondrial respiratory chain, which plays an essential role in electron transfer for ATP production (Haut et al., 2003) . To confirm elevated UQC RB expression in adaptive NK cells, we sorted canonical and adaptive NK cells from HCMV-seropositive donors and performed Western blots for UQC RB. In cells from both donors analyzed, UQC RB protein was strongly induced (1.97-fold) in adaptive NK cells (Fig. 7 a) . We also confirmed reduced expression of UQC RB in ARID5B knockdown NK-92 cells at the mRNA (Fig. 7 b) and protein ( Fig. 7 c) levels.
Next, we searched the promoter region immediately upstream of the UQC RB TSS for potential ARID5B binding sites. ARID5B has been shown to preferentially bind an AATA(C/T) core consensus sequence (Whitson et al., 1999) . Three such motifs were identified in the promoter of UQC RB (Fig. 7 d) . We then performed chromatin immunoprecipitation (ChIP) assays to analyze both polymerase II and ARID5B binding to the UQC RB promoter. A separate DNA sequence 1,728 bp upstream of the UQC RB TSS was included as a control for binding specificity in the assay. We found that both polymerase II and ARID5B bound to the UQC RB promoter in NK-92 cells, and binding was substantially diminished with ARID5B knockdown (Fig. 7 e) . To determine whether ARID5B was enriched within the UQC RB promoter in primary adaptive NK cells, we sorted canonical and adaptive NK cells and performed ChIP assays to analyze ARID5B binding to the control site upstream of UQC RB and to the UQC RB promoter. We observed ARID5B binding to the UQC RB promoter but not the upstream site in both canonical and adaptive NK cells and a significant enrichment of ARID5B binding in adaptive NK cells (Fig. 7 f) . ARID5B promotes gene expression through its interaction with plant homeodomain finger 2 (PHF2). The ARID5B-PHF2 complex is a specific histone demethylase complex that demethylates the inhibitory H3K9Me2 histone modification (Baba et al., 2011) . To determine whether H3K9Me2 levels within the promoter of UQC RB were inversely correlated with ARID5B binding and UQC RB expression, we sorted primary canonical and adaptive NK cells and performed ChIP assays with an antibody specific for H3K9Me2. We observed significantly lower H3K9Me2 enrichment at the UQC RB promoter in adaptive NK cells (Fig. 7 g) .
Given the direct regulation of UQC RB expression by ARID5B, we next sought to determine the metabolic and functional effects of UQC RB knockdown. To this end, we knocked down UQC RB expression in NK-92 NK cells via lentiviral transduction. By this method, we were able to achieve a 37% reduction in UQC RB expression ( Fig. 8 a) . Mitochondrial membrane potential was reduced by 33% in UQC RB knockdown NK-92 cells when analyzed by FACS ( Fig. 8 b) . Significant reductions in maximal respiration and SRC were observed for UQC RB knockdown cells (Fig. 8 c) . In contrast, there was a trend toward increased glycolysis observed in UQC RB knockdown cells, though differences in maximal glycolysis and glycolytic reserve between UQC RB knockdown cells and controls were not statistically significant ( Fig. 8 d) . ATP levels were similar between UQC RB knockdown cells and controls ( Fig. 8 e) . Functionally, we observed a marked impairment of IFN-γ production by UQC RB knockdown NK-92 cells in response to IL-12 and IL-18 stimulation (Fig. 8 f) . Overall, these data show that ARID5B directly controls UQC RB expression, and knockdown of UQC RB phenocopies ARID5B knockdown.
Discussion
We propose a model in which increased metabolism supports adaptive NK cell expansion and survival. The enhanced metabolism observed in adaptive NK cells appears to be dependent, at least in part, on increased expression of ARID5B and its induction of genes encoding components of the ETC, including the ETC complex III gene UQC RB. ARID5B also appears to play a signifiblot from one donor (left) and quantification by densitometry for both donors (right). (e) Methylation patterns throughout the ARID5B locus generated from whole-genome methylation profiling of the indicated canonical and adaptive NK cell populations sorted from four seropositive donors. Error bars represent SEM. Paired Student's t tests were used to determine statistical significance. *P < 0.05. cant role in NK cell survival, as ARID5B knockdown is associated with increased apoptosis and reduced BCL-2 expression. Because BCL-2 localization to the mitochondria counteracts the production of ROS, a byproduct of ETC activity (Giménez-Cassina and Danial, 2015) , elevated BCL-2 in adaptive NK cells may be important to limit oxidative stress. Whether ARID5B directly regulates BCL-2 and other survival genes requires further investigation.
One caveat to the knockdown and overexpression studies presented here is that they were performed using NK-92 cells due to the difficulty of transducing or transfecting primary NK cells at high enough frequencies to use in metabolic and functional analyses. NK-92 cells, like all transformed cells, have significant metabolic alterations that could be confounding. That being said, our model is consistent with previous work showing that CD8 + T cells lacking MCJ/DnaJC15, a repressor of respiratory chain activity, exhibit increased OXP HOS, more mitochondrial mass, enhanced survival during cytokine withdrawal, an increased ability to secrete IFN-γ, and superior control of viral infection (Champagne et al., 2016) . The metabolic and functional effects of ARID5B on cytotoxic lymphocyte metabolism appear to be very similar to those reported for MJC/DnaJC15 loss. Our results are also consistent with recent work showing that ETC activity, but not ATP production, is essential for IFN-γ production in effector memory CD8 + T cells (Bantug et al., 2018) . We conclude that ARID5B can enhance aspects of NK cell metabolism and IFN-γ production by control of ETC gene expression.
Given our results showing increased expression of ARID5B in adaptive NK cells and a role for ARID5B in promoting OXP HOS and survival, it is possible that ARID5B plays a similar role in controlling metabolism and survival in T and B cell memory subsets. In support of this idea, transcript expression data from the Immunological Genome Project show an increase in ARID5B expression throughout human B cell maturation, with a marked increase in ARID5B expression in mature class-switched B cells relative to non-class-switched B cells. Similarly, both CD4 + and CD8 + central and effector memory T cells express significantly higher ARID5B transcript levels relative to naive subsets. As such, induction of ARID5B may represent a general mechanism supporting cellular persistence and immunological memory formation.
How ARID5B expression is induced in adaptive NK cells is unclear. We performed experiments in which NK cells were cultured with inflammatory cytokines (IL-15, IL-21, and IL-12) and CD16 or NKG2C agonist antibodies, but did not observe an induction of ARID5B. In fact, ARID5B transcript expression levels decreased during activation in vitro (Fig. S4) . In transformed T cells, ARID5B is a downstream target of the oncogenic transcription factor T cell acute lymphocytic leukemia 1 (TAL1) and is required for the survival and growth of acute lymphoblastic leukemia T cells (Leong et al., 2017) . Whether TAL1 can induce ARID5B expression in primary lymphocytes has yet to be determined.
Together, our results support the notion that adaptive NK cells that arise in response to HCMV infection have defined characteristics of immunological memory. Hallmarks of T cell memory, including increases in OXP HOS, SRC, and mitochondrial mass, are also evident in adaptive NK cells from HCMV-seropositive individuals. We identify ARID5B as a transcription factor that may promote the long-term persistence of adaptive NK cells after HCMV reactivation in HCT recipients and their enhanced ability to produce IFN-γ. Moreover, our results suggest that ARID5B may represent a common factor important to support recall responses to secondary infections. Strategies to increase ARID5B and therefore enhance mitochondrial function and NK cell persistence may be of therapeutic value in NK cell immunotherapy.
Materials and methods
Cell source
Typed HCMV-seropositive and HCMV-seronegative blood products drawn from healthy, consenting donors were purchased from Memorial Blood Bank (Minneapolis, MN). All samples were de-identified before receipt, and the institutional review board at the University of Minnesota approved these studies. All research was conducted in accordance with the Declaration of Helsinki. All blood samples were drawn with donor consent.
Primary cell isolation, cell lines, and culture PBMCs were isolated by density gradient centrifugation using Ficoll-Paque Premium (GE Healthcare). For sorting experiments, T cells and B cells were depleted using anti-CD3 and anti-CD19 magnetic beads (STE MCE LL Technologies). For phenotypic analyses, NK cells were isolated by negative selection using the EasySep Human NK Cell Isolation Kit (STE MCE LL Technologies). Primary cells were cultured overnight in RPMI media (Gibco) supplemented with 10% FBS in the absence of cytokines. NK-92 and K562 cells were obtained from ATCC and cultured according to their instructions. The following cytokines were used in culture experiments: IL-15 (National Cancer Institute), IL-21 (eBiosciences), and IL-12 (R&D Systems). Plate-bound anti-NKG2C agonist antibody (a gift from J.P. Houchins at R&D Systems) was used in some culture experiments.
Flow cytometry and cell sorting
For flow cytometry, fluorochrome-conjugated antibodies to the surface epitopes CD3 (OKT4; Biolegend), CD56 (HDCD56; Biolegend), CD57 (NK-1; BD Biosciences), NKG2C (134591; R&D Systems), and CD107a (H4A3; BD Biosciences) were used. Intracellular EAT-2 was stained using a rabbit polyclonal antibody (Proteintech Group) followed by secondary staining with fluorochrome-conjugated anti-rabbit reagents (Invitrogen). Intracellular staining of cytokines was performed using fluorespiration, ATP-linked respiration, and SRC. (f) ECAR profiles for the indicated NK-92 cell lines in a representative experiment and averages for maximal glycolysis and glycolytic reserve. All cumulative OCR and ECAR results were replicated twice. (g) Quantification of ATP in control and shARID5B cell lines. (h) Control and shARID5B NK-92 cells were cultured overnight with and without IL-12 and IL-18 before FACS analysis of NK cell functional readouts. Representative FACS plots and cumulative data of the frequencies of IFN-γ expression by NK-92 cells are shown. (g and h) Experiments were replicated twice. Error bars represent SEM. Paired Student's t tests were used to determine statistical significance. *P < 0.05, **P < 0.01. n.s., not significant. rochrome-conjugated antibodies against IFN-γ (B27; BD Biosciences) and TNF (MAb11; Biolegend). For phenotypic analyses, PBMCs or purified NK cells were surface stained with the indicated antibodies along with a fixable dead cell stain (Invitrogen) in FACS buffer (PBS supplemented with 2% FBS and 2 mM EDTA) and fixed in 2% formaldehyde. For intracellular staining, cells were permeabilized in 0.05% Triton X-100 (Sigma). Flow cytometry data were acquired on an LSR II instrument (BD Biosciences) and analyzed with FlowJo (v10, Tree Star). MitoTracker Deep Red, CellRox (ThermoFisher), and propidium iodide (Sigma) staining was performed according the manufacturer's instructions. For sorting experiments, PBMCs were stained with the indicated antibodies and sorted to >95% purity on a FACS Aria II instrument (BD Biosciences).
Seahorse metabolism, ATP quantification, glucose uptake, and annexin V assays Seahorse assays were performed according to the manufacturer's instructions with modifications to simultaneously analyze glycolysis and oxidative mitochondrial metabolism using the Seahorse XF Glycolysis Stress Test Kit and the Seahorse XF Cell Mito Stress Test Kit (Agilent Technologies). Briefly, NK cells were washed and resuspended in glucose-free media (Gibco). 10 6 cells per well were spun down onto plates coated with poly-L-lysine. Triplicate wells were set up for experiments using CD3 − CD56 + NK cells isolated from bulk PBMCs and transduced NK-92 cells. Glucose, oligomycin, FCCP, sodium pyruvate, rotenone, and antimycin A were serially injected to measure metabolic function. Plates were analyzed using an XF e 24 Extracellular Flux Analyzer (Agilent Technologies). For experiments using sorted primary NK cells, 5 × 10 5 cells from each population were plated in tripli-cate wells and analyzed using the same protocol above using an XF e 96 Extracellular Flux Analyzer (Agilent Technologies). SRC measurements were calculated as average maximal OCR values minus average basal OCR values. ATP levels were calculated as average basal OCR values minus average postoligomycin OCR values. Glycolysis was calculated as average postglucose ECAR values minus average basal ECAR values. Glycolytic reserve was calculated as average maximal ECAR values minus postglucose ECAR values. For glucose uptake assays, NK cells were cultured with 10 ng/ml IL-15 alone ± anti-CD16 antibody (1 µg; 3G8; BD Biosciences) for 1 h or ± PMA (25 ng/ml) and ionomycin (1 µM; Sigma) for 15 min in media containing the fluorescently labeled glucose analogue 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG; Life Technologies) at a final concentration of 50 µM. For ATP quantification assays, 10 2 NK cells per well were assayed using the ATP Bioluminescence Assay Kit HS II (Sigma) and analyzed on an Infinite M200 PRO Luminometer (Tecan). For ATP assays using metabolic inhibitors, etomoxir (40 µM), 2DG (50 mM), and UK5099 (50 nM) (Sigma) were added 10 min before cell lysis and ATP determination. For cell apoptosis analysis, cells were stained with annexin V FITC and propidium iodide (ThermoFisher) according to the manufacturer's instructions.
Confocal microscopy
For mitochondria imaging experiments, cells were stained with MitoTracker Deep Red dye (ThermoFisher) according to the manufacturer's instructions. After staining, cells were washed three times with PBS and spun onto slides with a Cytospin 2 (Shandon). Cells were fixed and mounted in Vectashield with DAPI staining dye (Vector Labs). Images were acquired with an Olympus BX up- RNA-seq experiments NK cells from the peripheral blood of HCMV-seropositive donors were analyzed by FACS for surface expression of CD3, CD56, CD57, and NKG2C and intracellular expression of FcεRγ, EAT-2, and SYK. Five donors were selected based on high adaptive CD-56 dim CD57 + NKG2C + NK cell frequencies (≥15% of all CD3 − CD56 dim NK cells) and lack of FcεRγ, EAT-2, and/or SYK specifically within the NKG2C + population. Canonical CD3 − CD56 dim CD57 − NKG2C − NK cells, canonical CD3 − CD56 dim CD57 + NKG2C − NK cells, adaptive CD3 − CD56 dim CD57 − NKG2C + NK cells, and adaptive CD3 − CD56 dim C-D57 + NKG2C + NK cells were sorted. RNA was extracted using an RNeasy Plus Micro Kit (Qiagen). Barcoded TruSeq RNA v2 libraries (Illumina) were created, and libraries were sequenced on a HiSeq 2500 (Illumina) as paired-end 100 bp. STAR version 2.4.0d was used to align the RNA-seq reads to the human genome reference build GRCh37 (hg19). The Ensembl gene annotation version 75 was provided as gene transfer format for exon junction support. For each sample, reads were assigned to genes and summarized using featureCounts (subread package version 1.4.5-p1). Raw read counts were read into R (version 3.2.0) and subjected to normalization by the trimmed mean of M-values normalization method implemented in the R/bioconductor edgeR package and variance normalized using voom from the R/bioconductor limma package. All genes with at least one count per million (CPM) mapped reads in at least two samples were analyzed further. Differential gene expression was performed using the R/bioconductor limma package. RNA-seq data can be found under the GEO accession no. GSE117614.
Genome-wide DNA methylation analyses
The indicated NK cell subsets were sorted from the peripheral blood of HCMV-seropositive donors, and DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen). The EpiTect Bisulfite Kit (Qiagen) was used to convert unmethylated cytosines to uracils. Bisulfite-converted DNA was analyzed with the Infinium Human Methylation450 BeadChip platform (Illumina). A comprehensive description of the analysis pipeline with linked raw data has been published previously (Schlums et al., 2015. Plasmids and retroviral transduction All ARID5B shRNA, UQC RB shRNA, and control vectors (pLKO.1) were purchased from Open Biosystems. The shRNA targeting sequences from the three ARID5B clones tested were clone 1040, 5′-CCG GGC CTT CAA AGA GAA CCA TTT ACT CGA GTA AAT GGT TCT CTT TGA AGG CTT TTT TG-3′; clone 1281, 5′-CCG GCG ATA GAA CGA ATA CCC TAT TCT CGA GAA TAG GGT ATT CGT TCT ATC GTT TTT TG-3′; and clone 2853, 5′-CCG GCG AGG AAG AAA CGA ACG TGA TCT CGA GAT CAC GTT CGT TTC TTC CTC GTT TTT TG-3′. The shRNA targeting sequence from the UQC RB clone tested was 5′-CCG GCC TAA AGA GCA GTG GAC CAA ACT CGA GTT TGG TCC ACT GCT CTT TAG GTT TTTG-3′. ARID5B variant 2 overexpression vectors were created by cloning a custom gBlock gene fragment of the ARID5B variant 2 open reading frame (Integrated DNA Technologies) into the pCDH vector (Open Biosystems) by restriction digest using EcoR1 and BamH1 (New England Biolabs) and were transfected along with lentiviral packaging vectors into 293T cells using 1 µg/µl polyethylenimine (Polysciences). The sequence for ARID5B variant 2 (GenBank accession no. NM_032199) was from the GRCh37/hg19 genome assembly on the UCSC genome browser site (http:// genome .ucsc .edu). Supernatants containing viral particles were used to transduce NK-92 cells or primary NK cells via spin transduction. Stable NK-92 lines were selected with puromycin (Sigma). For transduction experiments using primary NK cells, transduced cells were cultured for 48 h in a low concentration (1 ng/ml) of IL-15 before FACS analysis.
Western blot
Cells were lysed in ice-cold lysis buffer and run on 10% SDS-PAGE gels. Proteins were then transferred to nitrocellulose membranes and incubated at room temperature in 5% BSA in TTBS (50 mM Tris-HCl, 150 mM NaCl, and 0.05% Tween 20, pH 7.4) buffer for 1 h. Membranes were then incubated overnight with primary antibodies against ACTB (sc-47778; Santa Cruz Biotechnology), ARID5B (NBP1-83622; Novus Biologicals), BCL-2 (ab692; Abcam), or UQC RB (ab190360; Abcam) at a dilution of 1:1,000 in TTBS. Membranes were washed and incubated with anti-rabbit or anti-mouse horseradish peroxidase secondary antibodies at a 1:2,000 dilution for 1 h. Immunoreactive bands were imaged on a UVP Imaging System with enhanced chemiluminescence reagents (ThermoFisher). Densitometry analyses were performed using ImageJ software (National Institutes of Health).
qRT-PCR
For quantification of gene expression, cells were lysed in RLT buffer (Qiagen), and RNA was extracted using an RNeasy Plus Micro Kit (Qiagen). cDNA was synthesized from RNA using Superscript IV Reverse transcription (ThermoFisher). qRT-PCR reactions were performed using SYBR Green PCR Master Mix (Applied Biosystems). qRT-PCR-based assays for determining the ratio of mitochondrial to nuclear DNA were performed as previously described. Primer sequences used for analysis of gene expression and DNA quantification are as follows: ACTB fwd, 5′-CCC AGC ACA ATG AAG ATC AA-3′; ACTB rev, 5′-ACA TCT GCT GGA AGG TGG AC-3′; NDU FS4 fwd, 5′-GGA GCT ATG ACA TTG AAG AGA GG-3′; NDU FS4 rev, 5′-TGC ACA GCT GAC TTT ATT CACA-3′; NDU FS5 fwd, 5′-GCA GCG GGA TAA GCT GAT AA-3′; NDU FS5 rev, 5′-CTT TGA CAA GGA GGT TTG TCG-3′; NDU FB5 fwd, 5′-CTC CGA AAG CAA CTC CTG AC-3′; NDU FB5 rev, 5′-ACT GGA AGC CAA ACT CCT CA-3′; UQC RH fwd, 5′-CCA CAA ACT CTT TAA CAA CTT GAAA-3′; UQC RH rev, 5′-CAA ATG GTA CAT CCA AAA CCA-3′; UQC RB fwd, 5′-GAA AGA GAA GAA TGG GCA AAGA-3′; UQC RB rev, 5′-GAA TTC AAA AAC TCC AGC CATT-3′; UQC RB -351 bp ChIP fwd, 5′-CTT CCT GCC TGG CAC AAA GAG CTG AA-3′; UQC RB -351 bp ChIP rev, 5′-GGG AAG AAC ACA GGT CAG GAA TTA GGA GAC CA-3′; UQC RB -1,728 bp ChIP fwd, 5′-CCA GTA ACT ATC AGT CAT GCT AGC TCC CCC TAA TTG-3′; UQC RB -1,728 bp ChIP rev, 5′-TCC ACC CAC GTC AGC CTC CCA AAA-5′; mitochondrial transfer RNA-Leu (URR) fwd, 5′-CAC CCA AGA ACA GGG TTT GT-3′; mitochondrial transfer RNA-Leu (URR) rev, 5′-TGG CCA TGG GTA TGT TGT TA-3′; B2M fwd, 5′-TGC TGT CTC CAT GTT TGA TGT ATCT-3′; and B2M rev, 5′-TCT CTG CTC CCC ACC TCT AAGT-3′. All gene expression analyses were normalized against ACTB.
ChIP assays
Aliquots of 2.5 × 10 6 formaldehyde-fixed cells were resuspended in 50 µl nuclei isolation buffer (Abcam). Chromatin was digested by adding 15 U MNase (ThermoFisher) and incubating at 37°C for 5 min. EDTA was added to stop the reaction. Digested chromatin was diluted in immunoprecipitation buffer (20 mM Tris-HCl, pH 8.0, 2 mM EDTA, 150 mM NaCl, 0.1% Triton X-100, and 5 mM sodium butyrate) with EDTA-free protease inhibitors (Millipore) and precleared with Protein G Agarose (Millipore) for 1 h at 4°C. Precleared chromatin was immunoprecipitated overnight at 4°C with antibodies against either ARID5B (NBP1-83622; Novus Biologicals), RNA polymerase II CTD repeat YSP TSPS (phospho-S5; ab5131; Abcam), or histone H3 (dimethyl K9; ab1220; Abcam). Samples were washed and eluted, and cross-links were reversed with a 4-h incubation at 65°C. DNA was precipitated and analyzed by qRT-PCR.
NK cell effector function assays
For determination of NK cell degranulation, ARID5B shRNA and control NK-92 cells were cultured alone or with K562 target cells at a 1:1 ratio for 4 h. Cells were then fixed and analyzed by FACS for surface CD107a expression and intracellular expression of IFN-γ. For additional determination of IFN-γ production, cells were incubated overnight with 5 ng/ml IL-12 (PeproTech) and 50 ng/ml IL-18 (R&D Systems) before staining.
Statistical analysis
Statistics were calculated with GraphPad Prism (v5.0). Data are expressed as the mean ± SEM. Differences between groups were determined by Student's t test. P values < 0.05 were considered statistically significant (*P < 0.05, **P < 0.01).
Online supplemental material Fig. S1 shows OCR and ECAR Seahorse profiles of purified NK cells from two donors that were analyzed freshly after isolation or after a freeze/thaw cycle. Fig. S2 shows a heat map of genes previously implicated in the regulation of mitochondrial biogenesis that was generated using RNA-seq data from sorted subsets of canonical and adaptive NK cells. Fig. S3 depicts Western blot data of ARID5B variant 2 expression in control NK-92 lines and in NK-92 lines transduced with three different shRNAs targeting ARID5B as well as MitoTracker staining for each ARID5B shRNA line compared with empty vector controls. Fig. S4 shows qRT-PCR data of ARID5B expression in NK cells cultured in various stimulatory conditions relative to cell preculture. Table S1 shows GSEA of RNA-seq data for metabolic pathways that were differentially regulated in adaptive NK cells compared with canonical NK cells.
